Aims
To explore the relationship between temperature measurements derived by microwave radiometry (MWR) and carotid flurodeoxyglucose (FDG) uptake and assess their association with histological and immunohistochemistry findings in patients with high-grade carotid stenosis. 
Methods and results
In 21 patients undergoing carotid endarterectomy, carotid inflammation was evaluated by both FDG positron emission/computed tomography (FDG-PET/CT) imaging and MWR measurements. Carotid inflammation was assessed by PET/CT as target-to-background ratio (TBR) by obtaining measurements in consecutive axial slices 2 cm below to 2 cm above the carotid bifurcation. Temperature difference (DT) by MWR was assigned as the maximumminimum temperature measurements over the corresponding carotid segments. The extent of lipid core, calcification as well as CD68 and CD31 levels were also assessed. There was a significant correlation between DT values and FDG uptake (R ¼ 0.40, P ¼ 0.01), but no correlation between the degree of angiographic stenosis and DT values (R ¼ À0.02, P ¼ 0.91) or PET/CT measurements (R ¼ À0.28, P ¼ 0.86). Patients with plaques containing high lipid core extension or low calcification exhibited higher DT (P ¼ 0.001 and P < 0.001, respectively) and FDG uptake values (P ¼ 0.02 and P ¼ 0.02, respectively). Patients with plaques containing increased CD68 expression exhibited higher DT and FDG uptake measurements.
Introduction
Carotid atherosclerosis is a significant cause of stroke. According to guidelines, the current treatment of carotid disease is driven by stenosis severity and symptoms. 1 However, thromboembolic events can occur even in the presence of an intermediate stenosis, as rupture or erosion of the carotid plaque may lead to stroke. Inflammation, as a substrate or a stimulus during chronic or acute setting, respectively, plays a pivotal role in both progression and destabilization of atherosclerotic plaques leading to subsequent cardiovascular and cerebrovascular events. [2] [3] [4] [5] Recent studies with fluorodeoxyglucose positron emission/computed tomography (FDG-PET/CT) demonstrate a lack of association between inflammation and luminal stenosis severity. [6] [7] [8] Several advanced imaging techniques provide information regarding the inflammatory status of the carotid plaque, including ultrasmall superparamagnetic iron oxide particles enhanced magnetic resonance imaging 9 and FDG-PET/CT. Despite lack of standardization of image acquisition, processing, and uptake measurements, several studies have shown that FDG uptake is not only associated with macrophage infiltration but it is also a predictor of plaque progression and cardiovascular events and a sensitive marker of therapeutic modulation of inflammation. [10] [11] [12] [13] However, high cost and patient exposure to radiation limit the use of FDG-PET/CT imaging in everyday clinical practice as a screening method for the evaluation of vascular inflammation. Microwave radiometry (MWR) is a non-invasive and safe diagnostic modality, which allows in vivo evaluation of carotid inflammation by measuring internal temperatures of tissues. [14] [15] [16] [17] [18] [19] It has been validated by histology and immunohistochemistry. 19 This study aims to explore the relationship between temperature measurements and carotid FDG uptake and assess their association with histological and immunohistochemistry findings in patients with high-grade carotid stenosis.
Methods

Study population
Consecutive patients scheduled to undergo carotid endarterectomy due to high-grade asymptomatic carotid artery stenosis were included in the study. Significant carotid stenosis was defined as luminal narrowing >70%. The diagnosis was first based on carotid ultrasound and then confirmed by CT angiography or digital angiography reflecting local practice in each centre. All patients underwent MWR, and FDG-PET/CT of both carotid arteries independently by different specialists within 7 days prior to the scheduled operation. Demographic data, history of cerebro-and cardiovascular events, cardiovascular risk factors, and current medical therapy were recorded for all subjects. Exclusion criteria were recent (<6 months) cardiological ischaemic events, active infections, inflammatory or neoplastic disease (e.g. vasculitis, lymphomas), uncontrolled diabetes mellitus, and multiple significant stenoses across the carotids. All participants provided an informed consent and the study protocol was approved by our institution's ethics committee.
FDG-PET/CT imaging
All patients fasted for at least 6 h before the FDG-PET/CT study. After a mean time of 104.33 6 18.44 min, 140 lCi/kg FDG (Biokosmos S.A.) was injected intravenously. 20 None of the patients had blood glucose levels >180 mg/dL before injection. Patients were encouraged to void before imaging and scanned with a PET/CT scanner (Biograph 6, Siemens, Forchheim) in supine position. Images of the carotid arteries were obtained in a 3D mode covering two bed positions. A low-dose, non-gated, non-contrast-enhanced CT was obtained before the PET scan, for attenuation correction and anatomic localization. The acquisition parameters were as follows: 30 mA, 110 KV, and axial slice thickness of 1.25 mm. PET images were reconstructed using a standard ordered-subset expectation maximization algorithm with the following reconstruction parameters: three iterations and eight subsets.
Measurements of FDG uptake
In agreement with prior studies, FDG-PET/CT images were assessed in consensus by two experienced physicians with an interest in cardiovascular nuclear medicine (C.A. and A.G.) and carotid bifurcation was used for FDG uptake measurements as the landmark to maximize registration with the histology results. Regions of interest (ROIs) were manually placed around the carotid artery wall on every slice of the axial CT images, guided by the co-registered FDG-PET/CT images. FDG uptake was recorded as standardized uptake values (SUVs) by obtaining measurements every 3 mm in consecutive axial slices on each ROI starting at the bifurcation and extending 2 cm superiorly and 2 cm inferiorly. 20 SUV was calculated as a ratio of tissue radioactivity concentration at time T, C PET (T), and administered dose at the time of injection divided by body weight. Tissue radioactivity and dose were decay corrected to the same time point [SUV BW ¼ C PET (T)/(Dose/Weight)]. The SUV for each carotid artery was calculated as the average of the SUVmax of the examined axial images. Target-to-background ratio (TBRmax) was then calculated by dividing the average value of SUVmax measured in carotid artery by the internal jugular vein blood average SUVmean in order to correct the arterial FDG uptake for blood pool activity. 21 
MWR measurements
All patients underwent MWR measurements by two different operators (I.K. and G.B.) with the use of RMT-01-RES, a microwave computerbased system (Bolton, UK). The system measures the temperature of internal tissues at microwave frequencies. The basic principles of MWR have been previously described. [14] [15] [16] [17] [18] [19] In brief, the system of MWR possesses an antenna with a microwave sensor. The sensor's antenna is 3.9 cm in diameter and detects microwave radiation at 2-5 GHz, with an accuracy of 0.20 C. The 'volume under investigation' is a rectangular area of 3 cm width, 2 cm length, and 3-7 cm depth, depending on the water content of the body.
MWR measurements were performed across each carotid artery over the previously defined segments (bifurcation, 2 cm superiorly and inferiorly), starting from the proximal common carotid and moving distally, avoiding thus missing areas by MWR. More specifically, temperature measurements were acquired under ultrasound guidance in order to ensure co-registration with the ROIs evaluated by FDG-PET/CT. During measurements the microwave antenna of the device was placed in contact with the skin in a 90 angle in the region. The antenna was held at this position for 10 s, required for the receiver to integrate the microwave emission and the conversion of the measured signal to temperature by a microprocessor. All measurements at each of the three segments were performed three times to assess the reproducibility of the method (overall, nine measurements by each operator) in a room temperature between 20 and 24
C. The temperature of each segment used for further analysis was the mean of the three temperatures. The method has been validated as previously described. 19 Temperature difference (DT) was defined as the maximal temperature minus the minimal temperature detected along segments of each carotid artery. The mean value of the 2 DT's calculated by the two different operators was used for the analysis of each carotid artery. 
Histological analysis
The atherosclerotic lesions were classified by two experienced pathologists (G.A. and E.P.) without knowledge of the FDG-PET/CT and MWR results. The tissue samples were fixed in buffered formalin solution (HT50-1-1, Sigma-Aldrich Co.) for 48 h and then they were decalcified in ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich Co.) Four lm-thick sections were obtained from the paraffin blocks and routinely stained with eosin-haematoxylin for histological examination under light microscope. Additional stains for calcium deposits and fibrosis were performed (von Kossa and Masson's trichrome, respectively).
Eosin-haematoxylin slides were digitized with a digital camera (Nikon DS-2MW, Nikon Corp., Tokyo) attached to a light microscope (Nikon eclipse 80i, Nikon Corp.) under 40Â magnification and the images were stored as uncompressed files in bitmap format.
Extent of lipid core and severity of calcification were assessed semiquantitatively as it has been previously described. 19, 22 In brief, the total tissue area on the screen was divided into four equal parts and a score 0-4 was assigned according to the extent of lipid core or calcification (0: no core or calcification at all;1-4: in one-, two-, three-or all screen parts, presence of core or calcification, respectively). For comparisons with FDG uptake and DT, extent of lipid core and severity of calcification were categorized binomially as follows: low (score 0 or 1) and high (score 2-4).
Immunohistochemical analysis
Cluster of differentiation 68 (CD68) was used as a macrophage marker and CD31 as a marker of microvessel density. Additional 4 lm-thick sections were cut for immunohistochemistry. Dewaxing and antigen retrieval were simultaneously on slides prior to immunohistochemical staining (Labvision PT-module, Thermo Scientific Inc., USA). For the detection of inflammatory cells and macrophages, as well as for the microvessel density and neoangiogenesis, the following primary antibodies were used: PGM1 clone M0876 in dilution 1:500 and anti-CD31, clone JC70A prediluted (Dako, Denmark). Envision two-step technique was used as secondary reagent (K-5007, Dako). Slides were finally stained with diaminobenzidine and mounted. The basic principles of evaluation of immunohistochemistry have been previously described. 19, 22 Specifically, the density of each antibody was determined as intense (3þ), moderate (2þ), low (1þ), or absent (0þ), based on a semi-quantitative scoring system. If the sample's score was 2 or >2, the presence of antibodies was characterized as low or high, respectively. 22 
Statistical analysis
Statistical analysis was performed with commercially available software (version 20, SPSS Inc. Chicago, IL, USA). Quantitative data are presented as rates or mean value6 SD. Probability values are two-sided from the Student's t-test or Mann-Whitney U test for continuous and categorical variables, depending on the normal or not distribution of the variables. A value of P < 0.05 was considered significant. For assessment of a potential relation between DT values and FDG uptake parameters' Pearson's correlation coefficients were calculated. A P < 0.05 was considered significant.
Results
Baseline demographic and clinical characteristics
In total, 42 carotids from 21 patients with high-grade internal carotid stenosis were analysed. Baseline demographic and clinical characteristics of the study population are summarized in Table 1 .
One patient of the study population had undergone prior carotid stent placement in the contralateral carotid artery. The surgically operated carotids (n ¼ 21) were evaluated by histological and immunohistochemical analysis. Anatomical, functional, and biological characteristics of patients' carotids are summarized in Table 2 .
Relationship between MWR and FDG-PET/CT measurements
There was a statistically significant correlation between DT and TBRmax values (R ¼ 0.40, P ¼ 0.01, Figure 1 ). Regarding the surgically operated carotid arteries only, the correlation was R ¼ 0.46, P ¼ 0.03 ( Figure 2) .
Comparison of histological plaque characteristics with DT and FDG-PET/CT measurements
Carotid DT was higher in plaques containing extended lipid core (P ¼ 0.001) and lower in plaques with extensive calcification (P < 0.001, Figure 3A and B).
Similarly, FDG-PET/CT measurements were higher in patients with plaques containing an extended lipid core (P ¼ 0.02, Figure 3C ). Conversely, carotid TBR values were lower in patients with specimens containing increased calcification (P ¼ 0.02, Figure 3D ) compared with those with limited calcification. 
Comparison of immunohistochemistrybased plaque characteristics with DT and FDG-PET/CT measurements
For MWR studies, carotid endarterectomy specimens with high CD68 expression had higher DT values compared with specimens with low CD68 expression (P ¼ 0.04, Figure 4A ). Similarly, specimens with intense CD31 expression exhibited higher DT values (P ¼ 0.05, Figure 4B ). As with DT measurements, intense CD68 expression was associated with higher carotid TBR values (P ¼ 0.005) compared with low CD68 count ( Figure 4C) . Regarding CD31 expression, there were no statistically significant differences in FDG-PET/CT-derived values between specimens with high and low expression (P ¼ 0.78). Stratification of FDG-PET/CT and DT values by histological and immunohistochemical findings are summarized in Table 3 . 
Relationship betweenMWR Space lost between between and MWR and FDG-PET/CT measurements and angiographic stenosis
There was no correlation between the degree of angiographic stenosis and DT values (R¼ À0.02, P ¼ 0.91). In concordance with MWR findings, no correlation was demonstrated between lesional TBR measurements and the percentage of luminal stenosis (R ¼ À0.28, P ¼ 0.86).
Discussion
In this study we demonstrate that (i) there is a significant correlation between carotid temperature measurements as assessed by MWR and carotid FDG uptake as assessed by FDG-PET/CT, (ii) measurements from both methods are associated with histological and immunohistochemical findings, and (iii) there is no correlation between degree of carotid luminal stenosis and intensity of inflammation, as assessed by both MWR and FDG-PET/CT.
Although the role of local inflammatory activation in destabilizing atherosclerotic plaque is well established, 3 non-invasive quantification of inflammatory process within plaque remains challenging. [23] [24] [25] Previous studies have shown that carotid plaques with increased inflammatory cells infiltration exhibit higher temperature differences than plaques with low inflammation levels. 26, 27 Factors such as metabolic rate of cellular components of plaque, heat dissemination towards perivascular tissues and vice versa, and heat diffusion between blood and arterial wall define the final measured surface temperature over the arterial wall, and this can be assessed by MWR. 28 The latter is a non-invasive method that converts electromagnetic radiation from internal tissue at microwave frequencies into temperature values and consequently, affords accurate measurement of the patient's internal tissues temperature, based on the principle that the intensity of radiation is analogous to the tissue temperature. 19 Similarly, FDG-PET/CT quantification of local inflammation in atherosclerotic plaque depends on inflammatory cells metabolic activity, as FDG uptake is proportional to cellular glucose consumption. Thus, the significant correlation between the two methods observed in this study indicates that both assess indirectly the level of the underlying inflammatory process in carotid atherosclerosis. Carotid endarterectomy specimens with extended lipid core and limited calcification showed higher DT and TBR values. Moreover carotid endarterectomy specimens with high CD68 expression, a marker of macrophage density and plaque vulnerability, showed higher DT values compared with specimens with low CD68 expression. 19 TBR values in carotid arteries containing plaques with increased expression of CD68 were also significantly higher compared with those with lower expression. This is in agreement with a number of previous studies, which have shown a positive relationship between CD68 stain and FDG uptake in carotid disease. [10] [11] [12] [13] Similarly with our previous study 19 where specimens with high VEGF expression exhibited higher DT values, in this study specimens with increased CD31 levels showed higher thermal heterogeneity. However, carotids with higher CD31 expression exhibited similar FDG uptake compared with those with lower CD31 expression.
This is different to the findings by Taqueti et al. 29 who reported a positive correlation between FDG uptake and CD31 levels. This is likely methodological in origin resulting from a larger number of plaques with high CD31 levels in their study compared with ours, where plaques were assessed semi-quantitatively and 71.4% of them characterized as having low or moderate CD31 expression. Carotid plaque inflammation as quantified by MWR and FDG-PET/ CT was not associated with the luminal stenosis grade assessed by angiography. This finding, which was similar with the results from previous studies, 4, 5 suggests that inflamed carotid plaques do not always cause severe luminal stenosis. This discrepancy highlights the complementarity of anatomical and functional modalities in the evaluation of carotid atherosclerotic plaques and the diversity of processes involved in carotid atherosclerosis. Moreover, both the degree of tracer uptake and temperature differences were similar in operated and non-operated carotid arteries. This bilateral symmetry is in agreement with prior studies illustrating the systemic nature of the atherosclerotic process. 12, 14, 17, 30 Clinical implications
In this study, MWR measurements were correlated with FDG-PET/ CT findings. Both techniques allow an indirect non-invasive detection of plaque inflammatory activation in vivo. FDG-PET/CT is a more robust technique than MWR, as it can offer simultaneously anatomical and biological mapping of a vascular wall lesion and its measurements correlate significantly with atherosclerotic plaque characteristics even in a small number of specimens. Although FDG-PET/CT imaging is a superior technique, it may not be the preferred first-line screening tool due to cost limitations. In contrast, MWR is a safe and radiationfree test and therefore, could conceivably be used as an initial screening tool for assessing plaque inflammation. Such approach needs to be tested in a larger prospective study, in which the precise algorithm for MWR and FDG-PET/CT use in the clinical setting, as well as the specific thresholds of DT and FDG-PET/CT measurements for risk stratification and management decisions can also be determined.
Study limitations
Both MWR and FDG-PET/CT quantify vascular inflammation indirectly. Measurements probably reflect an aggregate of different aspects of the inflammatory activation including increased neovascularization and macrophage infiltration. Nevertheless, both techniques detect parameters of potential vulnerability of an atherosclerotic plaque. Moreover, an overlap in measurements of both techniques between plaques with and without vulnerable characteristics is observed, potentially affecting their predictive value in risk stratification and their utility in clinical decision making. In any case, inclusion of a modest number of patients does not allow determination of specific thresholds in this study.
Precise co-registration between MWR, FDG-PET/CT measurements, and histological samples is another limitation. The axial slice thickness of FDG-PET/CT and the region under investigation for MWR differ from the tissue thickness analysed by histology and immunohistochemistry, as in previous studies. 10, 12 Moreover, plaque shrinkage assessment during histological processing proposed by some investigators for a more precise correlation between FDG-PET/CT, MWR, and histological data was not performed in this study. In addition, although 120 min uptake time may be more appropriate, 21, 31, 32 we have opted for a shorter uptake time, as increased waiting time is often undesirable for a patient and logistically difficult for a single scanner unit. Finally, in this study, as in previous ones, 10-13 a modest number of patients scheduled for endarterectomy was included. However, even with this study population sample, statistically significant correlations between measurements of the two methods were demonstrated and the results are supported by histological and immunohistochemistry findings.
Conclusions
In patients with severe carotid disease, carotid temperature differences measured by MWR are correlated with FDG-PET/CT measurements. These observations are confirmed by histological and immunohistochemical findings, indicating an important role of both techniques for in vivo non-invasive assessment of inflammatory activation within the plaque. There was also a lack of association between the degree of luminal stenosis and the underlying inflammatory process evaluated by structural and functional methods, respectively, reflecting the diversity of processes involved in carotid atherosclerosis. The precise clinical algorithm for MWR and FDG-PET/CT use, as well as the specific thresholds of DT and FDG-PET/CT measurements for risk stratification and management decisions can only be determined by a larger prospective study.
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